Extensive remodeling of the extracellular matrix occurs in the ovary during the periovulatory period. Matrix metalloproteinases and their endogenous inhibitors, tissue inhibitors of metalloproteinases, are believed to play integral roles in this highly regulated series of cellular events, but their specific roles remain unclear. Recent cloning studies have identified a novel family of metalloproteinases, the ADAMTS (A Disintegrin And Metalloproteinase with ThromboSpondin motifs) family. The regulated expression of distinct ADAMTS subtypes has been shown to be required for tissue morphogenesis during embryonic development and for maintaining the integrity of tissues in the adult. In the present studies, we have determined that multiple ADAMTS subtypes are present in the bovine ovary using a reverse transcription-polymerase chain reaction strategy. In particular, ADAMTS-1, -2, -3, -4, -5 (also known as ADAMTS-11), -7, -8, and -9, but not ADAMTS-6, -10, or -12, mRNA transcripts were detected in granulosa cells of nonatretic ovarian follicles and corpora lutea. The levels of mRNA for these ovarian ADAMTS were up-or down-regulated or remained unchanged in the granulosa and/or theca cells of the dominant follicle following the preovulatory surge of gonadotropins, depending on the subtype and/or the cell compartment, and in the corpus luteum during the luteal phase of the estrous cycle. The complex expression patterns observed for the distinct ADAMTS subtypes in the granulosa and theca cells of the periovulatory follicle and in the luteal tissues of the bovine ovary suggest that these novel proteases mediate, at least in part, the remodeling events underlying folliculogenesis and ovulation and the formation, maintenance, and regression of the corpus luteum.
INTRODUCTION
The preovulatory surge of gonadotropins triggers a myriad of morphological and biochemical changes within the 1 Supported by a grant from the NIH (HD41592 to J.E.F.) and a Lalor Foundation fellowship (P.J.B.). dominant follicle that culminate in ovulation and subsequent formation of the corpus luteum (CL). This highly regulated series of interrelated developmental processes is mediated, at least in part, by the extensive remodeling of the ovarian extracellular matrix (ECM). In particular, ovulation is associated with the degradation of the follicular basement membrane and the fragmentation of the ECM at the apex of the follicle wall, resulting in release of the oocyte [1, 2] . The ovarian ECM is subject to further remodeling, both deposition and degradation, during the formation, maintenance, and regression of the CL, and in turn, this remodeling modulates proliferation, differentiation, and/or apoptosis in the distinct cell populations that constitute this dynamic tissue [2, 3] .
Matrix metalloproteinases (MMPs) and their endogenous inhibitors, tissue inhibitors of metalloproteinases (TIMPs), are believed to play integral roles in the degradation of the follicular ECM during ovulation and to be operative in CL tissues throughout the luteal phase of the estrous cycle [4] [5] [6] . However, the specific roles of MMPs and TIMPs in these developmental processes remain poorly defined. Furthermore, the spatiotemporal expression of distinct MMPs and TIMPs in the ovary appears to vary among species [4] [5] [6] . In the bovine ovary, MMP-2 and -14 have been detected in the periovulatory follicle, whereas MMP-2 and -9 are expressed primarily in the CL [7, 8] . The activity of these ovarian MMP subtypes is regulated by the constitutive expression of TIMP-1 and -2 in the follicle and CL [7] [8] [9] [10] .
Recent cloning studies have identified a rapidly expanding family of novel metalloproteinases known as ADAMTS (A Disintegrin And Metalloproteinase with ThromboSpondin motifs) [11, 12] . The ADAMTS proteinases are characterized by four structural and functional domains: an amino terminal prodomain, a catalytic domain, a disintegrin-like domain, and an ECM-binding domain (composed of a central thrombospondin type 1 motif, a spacer region, and a variable number of thrombospondin-like motifs) at the carboxyl terminal of the mature protein. To date, 20 members of the ADAMTS family have been identified in vertebrates [13] . However, the majority of these ADAMTS subtypes have been characterized only at the structural level. Consequently, the biological functions of many of these novel proteases remain poorly understood.
Gene-knockout studies have provided useful insight regarding the important biological roles that members of the ADAMTS gene family play in embryonic development, tissue morphogenesis, and reproduction. Mice that are nullmutant for ADAMTS-1 exhibited growth retardation and aberrant development of the kidneys, adrenals, and urogen-ital tract [14] . In addition, fewer mature follicles were formed in the ovaries of these mice, supporting previous observations that suggested a role for ADAMTS-1 in folliculogenesis [15, 16] . Similarly, ADAMTS-2 gene-knockout mice developed structural defects in their skin [17] . Although folliculogenesis was normal in these mice, testicular function was compromised, suggesting that ADAMTS-2 plays a key role in spermatogenesis. To date, the expression and function of other members of the ADAMTS gene family in the ECM remodeling events that occur in the ovary during each estrous cycle have not been characterized. In view of these observations, we have identified the ADAMTS subtypes present in the granulosa cells of small and large bovine follicles, in the theca and granulosa cells of the dominant follicle before and after the preovulatory surge of gonadotropins, and in CL tissues obtained at different stages of the luteal phase.
MATERIALS AND METHODS

Collection of Bovine Follicles and CL Tissues
Ovaries were collected from Holstein cows at a local abattoir within 10-20 min of exsanguination and transported to the laboratory in sterile saline at 32-37ЊC.
Small (3-6 mm) or large (12-16 mm) nonatretic follicles, identified using the criteria described by Kruip and Dieleman [18] , were aspirated through an 18-gauge needle into a 10-ml syringe containing follicular aspiration medium (PBS supplemented with 0.3% BSA and 50 g/ml of gentamicin). The aspirates containing granulosa cells and the oocyte-cumulus complex were then centrifuged at 200 ϫ g for 10 min and washed with follicular aspiration medium. This process was repeated twice before the ovarian cell pellets were finally collected for total RNA extraction.
The CL tissues were classified as early (stage I), mid (stage II), or late (stage III) luteal phase by macroscopic examination of the ovaries and the corresponding uterine tissues [19] . The CL were excised from the ovaries, cut in half through the papilla, and sliced into pieces representative of this complex tissue (ϳ1 g wet wt). The tissues were then snap-frozen for later extraction of total RNA.
Production of Bovine Embryos In Vitro
Small pools of bovine embryos (n ϭ 25-30) were produced using a previously described in vitro fertilization protocol [20] . Briefly, cumulusoocyte complexes were aspirated from small follicles and cultured in Tissue Culture Media 199 (TCM 199) (Sigma Aldrich, St. Louis, MO) containing 5% Superovulated Cow Serum (SCS) (Sigma) and supplemented with FSH (0.01 g) and antibiotics (50 g/ml of gentamicin) at 38.5ЊC for 24 h. Approximately 30 of these matured oocytes were then incubated with 100 l of bull semen, diluted to a final concentration of 5 ϫ 10 6 sperm/ml with Brackett and Oliphant medium, for a further 16-18 h [21] . The fertilized oocytes were washed twice with culture medium to remove excess sperm; placed in a four-well culture dish containing TCM 199 supplemented with 5% SCS, 5 g/ml of insulin, and 50 g/ml of gentamicin; and allowed to undergo development into morulae or blastocysts before being harvested for total RNA extraction.
Isolation of Bovine Granulosa and Theca Cells from Periovulatory Follicles
Holstein heifers with regular estrous cycles were used in accordance with procedures approved by Cornell University's Animal Care and Use Committee. An experimental protocol that we have described and validated previously [22] was used to obtain follicles before or after the preovulatory gonadotropin surge. Briefly, heifers (n ϭ 2-3/group) were injected with prostaglandin F 2␣ (25 mg of Lutalyse; Pharmacia and Upjohn Co, Kalamazoo, MI) on the evening of Day 6 of the estrous cycle (Day 0 ϭ day of estrus) to regress the CL and thereby induce the follicular phase and further differentiation of the dominant follicle of the first follicular wave of the cycle. Injection of a GnRH analogue (100 g of Cystorelin i.m.; Sanofi Animal Health, Inc., Overland Park, KS) 36 h later induces an LH/FSH surge, and ovulation follows at approximately 29 h after GnRH [22] . In the present study, the ovary bearing the preovulatory follicle was removed by colpotomy 36 h after injection of prostaglandin F 2␣ (i.e., time 0 after GnRH injection) or 24 h after injection of GnRH (before ovulation). The ovaries were examined daily by transrectal ultrasonography, and blood samples were collected before and during the experimental protocol to verify the progression of luteal regression and follicular development in response to the treatments.
The ovary was transported to the lab (ϳ10 min), where the preovulatory follicle was dissected from the ovary and the follicular fluid was removed by aspiration. In some experiments, the follicle wall (i.e., theca interna ϩ attached granulosa cells) was isolated and cut into small pieces. In other experiments, theca and granulosa cells were separated by dissection, as described previously [23] . The theca interna was cut into small pieces, and the granulosa cells were collected by centrifugation. Pieces of follicle wall and theca interna and the granulosa cell pellet were snapfrozen for later extraction of total RNA.
Isolation of Total RNA and Generation of First-Strand cDNA
Total RNA was extracted from the ovarian tissues and cells and from bovine embryos at timed stages of development using the phenol-chloroform method of Chomczynski and Sacchi [24] . The total RNA extracts were then treated with deoxyribonuclease-1 to eliminate possible contamination with genomic DNA. To verify the integrity of the RNA, aliquots of the total RNA extracts were electrophoresed in a 1% (w/v) denaturing agarose gel containing 3.7% formaldehyde, and the 28S and 18S rRNA subunits were visualized by ethidium bromide staining. The purity and concentration of the total RNA present in each of the extracts were determined by optical densitometry (260/280 nm) using a Du-64 ultravioletspectrophotometer (Beckman Coulter, Mississauga, ON, Canada).
Aliquots (ϳ1 g) of the total RNA extracts prepared from the ovarian tissues and cells or the preimplantation embryos were reverse transcribed into cDNA using a First-Strand cDNA Synthesis Kit according to a protocol recommended by the manufacturer (Amersham Pharmacia Biotech, Oakville, ON, Canada).
Primer Design and Preparation of cDNA Probes
Nucleotide sequences specific for human ADAMTS-1 through -12, which were determined to be conserved in the mouse and/or rat homologues deposited in GenBank, were identified using the BLAST (Basic Local Alignment Search Tool) computer program (National Center for Biotechnology Information, Bethesda, MD). Forward and reverse oligonucleotide primers corresponding to these DNA sequences and primers specific for the bovine 18S rRNA subunit, which served as an internal control for the present studies, were synthesized at the NAPS Unit, University of British Columbia. The specific nucleotide sequences of these primers, the optimized polymerase chain reaction (PCR) conditions for each of these primer sets, and the expected sizes of the PCR products are listed in Table 1 .
To confirm the specificity of the primers, PCR was performed on three separate occasions using the specific ADAMTS primer sets and first-strand cDNA generated from total RNA extracts (n ϭ 6) prepared from small or large ovarian follicles. Total RNA extracts (n ϭ 6) prepared from the small pools of bovine embryos were used as positive controls for the present studies, because in other species, the levels of mRNA for the distinct ADAMTS subtypes have been found to be higher in embryos than in normal adult tissues [25, 26] . The resultant PCR products were subcloned into the PCR II vector by blunt-end ligation (Invitrogen, Carlsbad, CA) and subjected to nucleotide sequence analysis using an automated DNA sequence analyzer (Applied Biosystems, Foster City, CA) employing Taq DiDeoxy reagents (Perkin Elmer Life and Analytical Sciences Inc., Boston, MA). These clones were subsequently used to generate cDNA probes specific for each of the bovine ADAMTS subtypes identified in the follicles and/or preimplantation embryos and the 18S rRNA subunit using standard molecular biology techniques.
Semiquantitative PCR
Semiquantitative PCR was performed using the primer sets specific for ADAMTS-1 through -12 or the 18S rRNA subunit, and template cDNA generated from the total RNA extracts prepared from the tissues and cells obtained from the dominant follicle, before and after the preovulatory surge of gonadotropins or CL tissues obtained during the early, mid, or late luteal phase of the estrous cycle. The PCR cycles were repeated 20-40 times to determine a linear relationship between the yield of PCR products from representative samples of these ovarian tissues and cells and the number of cycles performed. The optimized numbers of cycles used to amplify the distinct ADAMTS subtypes and the 18S rRNA subunit from these ovarian cells and tissues are listed in Table 1 . Each experimental PCR reaction was performed on three separate occasions. Also, PCR was performed using the primer sets specific for the distinct ADAMTS subtypes and aliquots of total RNA extracts prepared from the ovarian tissues or cells (i.e., nontranscribed RNA) or diethyl pyrocarbonate-treated water under the same conditions as described above. These PCR reactions, which served as negative controls, did not yield any PCR products, confirming the purity of the total RNA extracts used in the present studies (data not shown).
Southern Blot Analysis
Aliquots (20 l) of the PCR products generated from the ovarian tissue samples and cells or bovine embryos were separated by electrophoresis in a 1.2% agarose gel and visualized by ethidium bromide staining. The gels were then denatured with 0.5 M NaOH for 5 min, neutralized with 1 M Tris-HCl for 5 min, and transferred onto a charged nylon membrane (Hybond ϩ , Amersham Canada Ltd., Oakville, ON). The Southern blots were probed with a radiolabeled cDNA specific for each of the distinct ADAMTS subtypes or 18S rRNA according to the methods of MacCalman et al. [27] . The blots were then washed twice with 2ϫ SSPE (20ϫ SSPE consists of 0.2 M sodium phosphate, pH 7.4, containing 25 mM EDTA and 3 M NaCl) at room temperature, twice with 2ϫ SSPE containing 0.1% SDS at 55ЊC, and twice with 0.2ϫ SSPE at room temperature. The blots were subjected to autoradiography to detect the hybridization of the radiolabeled probes to the PCR products. The resultant autoradiograms were then scanned using a laser densitometer (Scion Corporation, Frederick, MD), and the absorbance values obtained for each of the distinct ADAMTS PCR products normalized relative to the corresponding 18S rRNA absorbance value.
Statistical Analysis
The results are presented as the relative absorbance value (mean Ϯ SEM) obtained using the PCR products generated from the ovarian tissues or cells harvested from different animals (n ϭ 2-3), with each PCR determination being replicated on three separate occasions. Statistical differences between stages of follicular or luteal development were assessed by ANOVA. Significant differences between the means were determined using the Fisher protected least significant difference test. Differences were considered to be significant at P Յ 0.05.
RESULTS
Characterization of the ADAMTS Subtypes Present in Bovine Ovarian Follicles
In the total RNA extracts prepared from the granulosa cells of small and large ovarian follicles, ADAMTS-1, -2, FIG. 1 . Characterization of the ADAMTS mRNA transcripts present in bovine ovarian follicles. Shown are representative autoradiograms of Southern blots containing PCR products generated using template cDNA synthesized from total RNA extracted from small or large ovarian follicles (lanes SF and LF, respectively) and primers specific for ADAMTS-1 through-11 or the 18S rRNA subunit. Template cDNA synthesized from bovine morulae or blastocysts served as positive controls for the present studies, and mRNA transcripts for ADAMTS-6 or -10, which were not detected in the follicles, were readily detectable in these tissues. The sizes of the distinct PCR products are shown to the left. bp, Base pairs.
FIG. 2.
Characterization of the ADAMTS subtypes present in the preovulatory follicle. Shown are representative autoradiograms of Southern blots containing PCR products generated using template cDNA synthesized from total RNA extracted from the preovulatory follicle at 0 or 24 h after the administration of GnRH and primers specific for ADAMTS-1, -2, -3, -4, -5, -7, -8, or -9 (A-H, respectively) or 18S rRNA (I). The sizes of the distinct PCR products are shown to the left. bp, Base pairs.
-3, -4, -5 (also known as ADAMTS-11), -7, -8, and -9 mRNA transcripts were detected (Fig. 1) . In contrast, ADAMTS-6 and -10 mRNA transcripts were not identified in the bovine granulosa cells but were detected in the total RNA extracts prepared from our positive control, preimplantation bovine embryos (Fig. 1) . In the bovine ovarian cells or embryos, ADAMTS-12 mRNA transcripts were not detected by reverse transcription-PCR using multiple sets of primers (data not shown), including those used to detect this ADAMTS subtype in human and murine tissues and cells [26] . Nucleotide sequence analysis of the PCR products generated from the ovarian follicles and/or bovine embryos demonstrated that these cDNA fragments exhibited high sequence homology (86-100%) to the human and/or murine homologues deposited in GenBank.
Effects of the Gonadotropin Surge on Levels of mRNA for ADAMTS Subtypes in Preovulatory Follicles
The repertoire of ADAMTS subtypes identified in the granulosa cells of small and large follicles was maintained in the follicle wall samples obtained from the dominant follicle (granulosa and theca cells) before and after the preovulatory surge of gonadotropins induced by the administration of GnRH (Fig. 2) . Significant increases were detected in ADAMTS-1, -2, -3, and -9, and concomitant decreases in ADAMTS-5, -7, and -8, mRNA levels in the dominant follicle 24 h after the administration of GnRH (Figs. 2 and 3) . In contrast to the other ADAMTS subtypes, ADAMTS-4 mRNA levels in the periovulatory follicle remained relatively constant, at least during the time points examined in the present studies.
Effects of the Gonadotropin Surge on Levels of mRNA for ADAMTS Subtypes in the Granulosa and Theca Cells of Preovulatory Follicles
The preceding results using tissue samples of the follicle wall indicated that the gonadotropin surge induces specific changes in the levels of mRNA for most of the ADAMTS subtypes examined in the present studies. Therefore, the levels of the mRNA transcripts encoding these ovarian ADAMTS subtypes were next examined in granulosa and theca cells to localize these changes to specific cellular compartments.
FIG. 3.
Relative levels of the distinct ADAMTS mRNA transcripts in periovulatory follicles. Autoradiograms of Southern blots containing PCR products generated using template cDNA synthesized from total RNA extracts prepared from the preovulatory follicle at 0 or 24 h after GnRH was administered to induce the preovulatory gonadotropin surge and primers specific for the ADAMTS subtypes identified in these ovarian tissues or the 18S rRNA subunit were scanned using a laser densitometer. The absorbance values obtained for the distinct ADAMTS subtypes were then normalized to the absorbance value obtained for the 18S rRNA. The results are presented as the mean Ϯ SEM (n ϭ 2-3 follicles). Asterisks indicate significant differences between the means (P Յ 0.05).
FIG. 4. ADAMTS mRNA levels in granulosa and theca cells isolated from periovulatory follicles. Shown are representative autoradiograms of
Southern blots containing PCR products generated using template cDNA synthesized from total RNA extracted from granulosa cells (GC) or theca cells (TC) isolated from the preovulatory follicle at 0 or 24 h after the administration of GnRH and primers specific for ADAMTS-1, -2, -3, -4, -5, -7, -8, or -9 (A-H, respectively) or the 18S rRNA subunit (I). The sizes of the distinct PCR products are shown to the left. bp, Base pairs.
The ADAMTS subtypes identified in the ovarian follicles were found to be present in both granulosa and theca cells isolated from the dominant follicle during the periovulatory period (Fig. 4) . In agreement with our findings using tissue samples of the follicle wall, the preovulatory surge of gonadotropins significantly increased ADAMTS-1 mRNA levels in granulosa and theca cells isolated from the dominant follicle but decreased the levels of the mRNA transcripts encoding ADAMTS-7 and -8 in both of these ovarian cell types (Figs. 4 and 5) . Similarly, GnRH had no significant effect on ADAMTS-4 mRNA levels in granulosa or theca cells, at least at the time points examined in the present studies. However, levels of ADAMTS-2 and -5 mRNA levels were higher in granulosa cells 24 h after GnRH, whereas levels of ADAMTS-2 were unchanged and levels of ADAMTS-5 had decreased in theca cells at 24 h post-GnRH. In contrast, the preovulatory surge of gonadotropins had no significant effect on ADAMTS-3 mRNA levels in granulosa cells but significantly increased the levels of this mRNA transcript in theca cells. Finally, a decrease was observed in ADAMTS-9 mRNA levels in granulosa cells, and a concomitant increase in the levels of the mRNA transcript encoding this ADAMTS subtype in theca cells, 24 h after the administration of GnRH.
Effects of the Stage of the Luteal Phase on Levels of mRNA for ADAMTS in CL Tissue
In CL tissues, ADAMTS-1, -2, -3, -4, -5, -7, -8, and -9, but not ADAMTS-6, -10, or -12, mRNA transcripts were detected at all stages of the luteal phase (Fig. 6) . Levels of ADAMTS-1, -7, and -8 mRNA were highest in CL tissues obtained during the early stage of the luteal phase (Figs. 6  and 7) . A significant and progressive decline was observed in the levels of these mRNA transcripts in CL tissues as the estrous cycle entered the mid and late stages of the luteal phase. In contrast, ADAMTS-3 and -4 mRNA levels in CL tissues increased as the luteal phase progressed, with maximum levels being observed in the late-stage CL. Levels of both ADAMTS-5 and -9 mRNA were observed to increase between the early and mid stages of the luteal phase. However, levels of the mRNA transcripts encoding these two ADAMTS subtypes in CL tissues subsequently declined as the estrous cycle entered the late luteal phase. In contrast to the other ADAMTS subtypes, only small fluctuations in the levels of ADAMTS-2 mRNA transcripts were observed in CL tissues obtained at different stages of the luteal phase.
DISCUSSION
Multiple ADAMTS subtypes were detected in bovine ovarian follicles. This repertoire of ADAMTS subtypes was further localized to both the granulosa and theca cells of the large periovulatory follicle and was found to be maintained in CL tissues throughout the luteal phase. In agreement with our observations, ADAMTS-1 and -2, but not ADAMTS-12, mRNA transcripts have been previously detected in total RNA extracts prepared from adult human,
Relative levels of the distinct ADAMTS mRNA transcripts present in granulosa and theca cells isolated from preovulatory follicles. Autoradiograms of Southern blots containing PCR products generated using template cDNA synthesized from total RNA extracts prepared from granulosa cells (GC) or theca cells (TC) isolated from the preovulatory follicle at 0 or 24 h after the administration of GnRH and primers specific for the ADAMTS subtypes identified in these two cell types or the 18S rRNA subunit were scanned using a laser densitometer. The absorbance values obtained for the distinct ADAMTS subtypes were then normalized to the absorbance value obtained for the 18S rRNA. The results are presented as the mean Ϯ SEM (n ϭ 2-3 follicles). Asterisks indicate significant differences between the means (P Յ 0.05).
FIG. 6. Characterization of the ADAMTS subtypes present in CL tissues.
Shown are representative autoradiograms of Southern blots containing PCR products generated using template cDNA synthesized from total RNA extracted from CL tissues obtained during the early (stage I), mid (stage II), or late (stage III) luteal phase and primers specific for ADAMTS-1, -2, -3, -4, -5, -7, -8, or -9 (A-H, respectively) or the 18S rRNA subunit (I). The sizes of the distinct PCR products are shown to the left. bp, Base pairs. mouse, and/or rat ovaries [15, 17, 26] . In addition to these ADAMTS subtypes, we have determined that mRNA transcripts encoding ADAMTS-3, -4, -5, -7, -8, and -9 are present in the bovine ovary. In contrast, ADAMTS-6 or -10 mRNA transcripts were not detected in any of the bovine ovarian tissues or cells examined in the present studies but were readily detectable in our positive control, preimplantation bovine embryos. To our knowledge, the presence of these ADAMTS subtypes in the ovaries of other species has not been determined. In addition, the present results show that levels of the mRNA transcripts encoding these ovarian ADAMTS subtypes are up-or down-regulated or remain unchanged in the dominant follicle after the gonadotropin surge or in CL tissues obtained at different stages of the luteal phase.
The biological significance of the distinct expression patterns of the ADAMTS subtypes observed in the bovine ovary remains to be elucidated. However, the preovulatory surge of gonadotropins is believed to decrease the expression of ovarian genes involved in folliculogenesis and, simultaneously, to increase the levels of those involved in ovulation and luteinization [1] [2] [3] 28] . In view of these observations, it is tempting to speculate that the ADAMTS subtypes identified in the ovarian follicles play distinct roles in folliculogenesis and ovulation. In particular, the presence of ADAMTS-5, -7, -8, or -9 mRNA in small and large follicles and the subsequent decline in the levels of these mRNA transcripts in granulosa and/or theca cells following the preovulatory surge of gonadotropins suggests that these ADAMTS subtypes may be involved in the ECM remodeling events underlying the structural and functional maturation of the dominant follicle. In contrast, the increase in ADAMTS-1, -2, and -5 mRNA levels in the granulosa cells and of ADAMTS-1, -3, and -9 mRNA levels in the theca cells of the dominant follicle following the preovulatory surge of gonadotropins suggests that these ADAMTS may mediate, at least in part, the degradation of the follicle wall during ovulation and/or the dissolution of the granulosa cell basement membrane, a necessary prelude to formation of the CL. However, a similar increase in ovarian ADAMTS-1 mRNA levels was observed in GnRH-primed rats treated with indomethacin, an anti-inflammatory agent capable of inhibiting ovulation [15] , and mice that are nullmutant for the ADAMTS-1 gene are capable of ovulating [14] . Similarly, female mice that are null-mutant for ADAMTS-2 have normal ovarian function [17] . Taken together, these observations suggest that an increase in the expression of ADAMTS-1 or -2 in the dominant follicle during the periovulatory period is neither necessary nor sufficient to mediate ovulation and that more than one ADAMTS subtype may serve the same function, at least in
Relative levels of the distinct ADAMTS mRNA transcripts present in CL tissues obtained at different stages of the luteal phase of the estrous cycle. Autoradiograms of Southern blots containing PCR products generated using template cDNA synthesized from total RNA extracted from CL tissues obtained during the early (stage I), mid (stage II), or late (stage III) luteal phase and primers specific for the ADAMTS subtypes identified in these ovarian tissues or the 18S rRNA subunit were scanned using a laser densitometer. The absorbance values obtained for the distinct ADAMTS subtypes were then normalized to the absorbance value obtained for the 18S rRNA. The results are presented as the mean Ϯ SEM (n ϭ 3 CL/stage). Superscript letters indicate significant differences between the means (P Յ 0.05).
the ovary [17] . Such redundancy in the regulation of reproductive processes is common. The biological significance of the increase in ADAMTS-3, -5, and -9 mRNA levels in the granulosa or theca cell layers of the periovulatory bovine follicle remains unclear, but their up-regulation after the gonadotropin surge suggests potential roles for these ADAMTS subtypes, either alone or in combination with ADAMTS-1 and -2, in the ovarian ECM remodeling events underlying ovulation.
Changes in levels of the mRNA for ADAMTS subtypes were also detected in bovine CL tissues obtained at different stages of the luteal phase, suggesting that these novel proteases may also play key integral roles in the formation and organization of this dynamic tissue. Remodeling of the ECM in CL tissues throughout the luteal phase not only modulates the biochemical differentiation of luteal cells but also promotes the formation and organization of a complex vascular network [5] [6] [7] . After ovulation, extensive growth of blood vessels occurs in bovine CL tissues, and this growth peaks at the midstage of the luteal phase [29, 30] . These blood vessels subsequently undergo regression during luteolysis. Several of the ADAMTS subtypes identified in the bovine CL have been shown to have angioinhibitory and/or angiogenic activity both in vivo and in vitro. In particular, ADAMTS-1 and -8 inhibit endothelial cell proliferation and are capable of reducing growth factor-induced vascularization of tissues in vitro [31, 32] . However, ADAMTS-1 appears to be necessary for development of the adrenomedullary capillary network in vivo [14] , suggesting that ADAMTS subtypes may have differential effects on angiogenesis that are tissue-specific. The decrease in ADAMTS-1 and -8 mRNA levels in the CL during progression of the luteal phase suggests that these two ADAMTS subtypes have antiangiogenic activities in this dynamic tissue. Increased ADAMTS-5 expression has also been detected in the cells surrounding blood vessels in osteoarthritic synovium and is believed to be responsible for the extensive degradation of the surrounding ECM associated with the onset of this disease [33] , whereas ADAMTS-4 expression has been associated with the metabolism of vascular proteoglycans during endothelial tube formation in vitro [34] . Although the increase in ADAMTS-4 mRNA levels in CL tissues during the late luteal phase suggests a role for this ADAMTS subtype in luteolysis, the angiogenic activity of bovine luteal tissues in vitro has been shown to increase with the age of the CL [35] . To date, it is not clear whether the ADAMTS subtypes identified in the bovine CL exhibit angiogenic and/or angioinhibitory activities in this highly vascularized tissue at different stages of the luteal phase. However, the present results provide information on the pattern of expression of mRNA for the ADAMTS subtypes that can serve as the basis for future studies of their localization and functions in the CL.
The preovulatory surge of gonadotropins regulated the levels of the distinct ADAMTS mRNA transcripts present in the granulosa and theca cells in either a coordinate or noncoordinate manner. Levels of the mRNA transcripts encoding some of the ADAMTS subtypes increased (ADAMTS-1) or decreased (ADAMTS-7 or -8) in both cell types after the gonadotropin surge, whereas other subtypes increased in one cell compartment but, in the other, either decreased (ADAMTS-5 or -9) or remained constant (ADAMTS-2 or -3). These observations suggest that the regulation of ADAMTS subtypes in the ovary is complex and involves the activation/inhibition of local regulatory factors that may act in an autocrine and/or paracrine manner. To date, the factors capable of regulating ADAMTS expression in mammalian tissues and cells remain poorly characterized. Transforming growth factor ␤ 1 has been shown to increase ADAMTS-12 mRNA levels in human fetal fibroblasts [26] and the secretion of active ADAMTS-2 in human osteosarcoma cells in vitro [36] . In addition, interleukin-1 is capable of increasing ADAMTS-4 mRNA levels in primary cultures of human tendon cells [37] , whereas lipopolysaccharides increase levels of the mRNA transcript encoding ADAMTS-1 in renal and cardiac tissues of adult mice in vivo [38] . The ability of the progestin synthesis inhibitor, epostane, to inhibit the preovulatory increase in ADAMTS-1 mRNA levels in rat follicles [15] , which was also not observed in mice that are null-mutant for the progesterone receptor [16] , has provided indirect evidence that progesterone is a key regulator of this ADAMTS subtype in the ovary. A similar increase in ADAMTS-1 mRNA levels was observed in the preovulatory bovine follicle. Interestingly, the levels of the mRNA transcript encoding this ADAMTS subtype were found to be high in early stage CL tissues, when progesterone levels are low, and, subsequently, to decline during the midluteal phase of the estrous cycle, when the circulating levels of this gonadal steroid are high [39] , suggesting that other factors are involved in the regulation of ADAMTS-1 mRNA levels, at least in the CL.
The ECM of the preovulatory follicle undergoes extensive remodeling, both degradation and deposition, during the periovulatory period and the subsequent formation and organization of the CL. In particular, these two interrelated developmental processes are associated with the loss of collagen type IV and laminin and with concomitant increases in collagen type I and fibronectin 4 [40] . To date, the specific substrates of many ADAMTS subtypes have not been identified. However, ADAMTS-1, -4, and -5 have been shown to degrade the large chondroitin-sulfate glycoproteins, aggrecan, brevican, and versican [41] [42] [43] . Although aggrecan and brevican have not been detected in bovine ovarian follicles, versican has been localized to the thecal layers, particularly in areas adjacent to the follicular basal lamina [44] . Procollagen I and II have also been identified as substrates for ADAMTS-1 and -2 and for ADAMTS-2 and -3, respectively [45, 46] . The accumulation of collagen type I in the CL that occurs during the luteal phase [4] may thus be attributed, at least in part, to the progressive decline in ADAMTS-1 and -2 mRNA levels observed in this tissue during the luteal phase.
In summary, we have determined that mRNAs for multiple ADAMTS subtypes are present in the bovine ovary. Although two of these subtypes (ADAMTS-1 and -2) have been detected previously in rodent ovaries, to our knowledge this is the first report to provide evidence for the expression of mRNA for ADAMTS-3, -4, -5, -7, -8, and -9 in mammalian ovaries. Because the levels of the mRNA transcripts encoding these distinct ADAMTS subtypes are differentially expressed in the granulosa and theca cell layers of the dominant follicle following the administration of GnRH and in CL tissues during the luteal phase, it is tempting to speculate that members of this novel family of proteases are involved in the ECM remodeling events required for ovulation and/or the formation, maintenance, and regression of the bovine CL. Elucidation of the specific roles and regulation of the various ADAMTS subtypes in bovine and other mammalian follicles and corpora lutea will require further experimentation.
